Abstract-In this paper, we demonstrate wavelength conversion of advanced modulation formats such as 10-GBd 64-QAM and 256-QAM with high conversion efficiency over a 29-nm spectral window by using four-wave mixing in an AlGaAs-on-insulator (AlGaAsOI) nanowaveguide. A thorough characterization of the wavelength converter is reported, including the optimization of the AlGaAsOI nanowaveguide in terms of conversion efficiency and associated bandwidth and the analysis of the impact of the converter pump quality and power as well as the signal input power. The optimized converter enables generating idlers with optical signalto-noise ratio (OSNR) above 30 dB over a 29-nm bandwidth leading to error-free conversion of 64-QAM and 256-QAM with OSNR penalty below 1.0 dB and 2.0 dB, respectively. The generated idlers exhibit an OSNR margin to the chosen forward error correction thresholds of >3 dB and >7 dB for 64-QAM and 256-QAM, respectively, that can be used for transmission after conversion.
I. INTRODUCTION

C
URRENT wavelength division multiplexed (WDM) communication systems rely on wavelength channels to route data through the network. In order to improve the wavelength utilization, as well as to decrease the blocking probability, it is not only desirable but strongly beneficial to shift a data channel from one wavelength to another [1] . The ability to provide such operation without converting the data back to the electrical domain, i.e. performing all-optical wavelength conversion, enables processing multiple channels simultaneously, as well as reducing the number of required converters [1] .
Additionally, all-optical wavelength conversion based on fourwave mixing (FWM) is a fundamental building block to provide more advanced functionalities such as low noise amplification [2] , phase-sensitive amplification and regeneration [3] - [5] , and Kerr nonlinearity mitigation through optical phase conjugation [6] - [9] .
Advanced modulation formats, such as high-order quadrature amplitude modulation (QAM), are being deployed in optical networks to enable higher spectral efficiency transmissions improving the overall transmission rate. In order for all-optical wavelength converters to be considered for practical applications, they must be able to accommodate the increasingly stringent requirements in terms of phase noise tolerance and optical signal-to-noise ratio (OSNR) degradation set forth by QAM signals. Wavelength converters should therefore provide lowpenalty and modulation-format independent operation. Low penalty wavelength conversion for signals up to 64-QAM has been demonstrated using FWM in highly nonlinear fibers [10] , [11] . Although efficient and mature, fiber-based converters are ultimately limited by the modest nonlinearity of highly nonlinear fibers (HNLFs) and by stimulated Brillouin scattering. The former leading to long fiber lengths and the latter requiring mitigation techniques introducing additional complexity in the system [7] , [8] .
Integrated solutions based on nonlinear materials such as silicon-based compounds have been the target of a strong research focus due to their enhanced Kerr nonlinearity which enable more compact devices. Alternative materials such as chalcogenide [12] and periodically poled lithium niobate [13] , [14] waveguides have also shown promising results. However, silicon-based compounds may be more attractive as they could enable benefiting from the well established CMOS fabrication technology. In this regard, several material platforms have been investigated, spanning from crystalline [9] and amorphous silicon [15] , to silicon-germanium [15] , [16] and siliconnitride [17] , as well as high index doped glass [18] .
Nonlinear processing in crystalline silicon is mainly hindered by two photon absorption (TPA), and consequently free-carrier effects at telecom wavelengths. While successful approaches have been reported to actively mitigate the impact of freecarrier effects [4] , materials such as amorphous silicon and silicon-germanium allow to decrease the impact of TPA as reported in [15] , [19] . Successful demonstration of wavelength conversion for QAM signals have been recently reported in both platforms [15] , [20] without requiring active TPA suppression. However, these materials are still affected by significant propagation loss (≈5 dB/cm) and further limited by the lower but still present TPA.
Silicon nitride and high-index doped glass alloys can effectively shift the material bandgap such that no TPA is present at telecom wavelength. The bandgap shift comes at the expense of lower Kerr nonlinearity which leads to a low conversion efficiency (CE) and thus only a modest output idler OSNR [18] .
A material platform offering high nonlinearity, low propagation loss and a bandgap ensuring TPA-free operation at telecom wavelength is highly desired. AlGaAs has been shown to provide large intrinsic nonlinearity (n 2 ≈ 10 −17 W/m 2 ), and no TPA around 1550 nm [21] - [24] . To further enhance the effective nonlinearity, we have previously demonstrated the AlGaAs-oninsulator (AlGaAsOI) platform, where moderately low propagation loss (≤1.5 dB/cm) high-index contrast nano-waveguides can be realized with a high nonlinear coefficient. This platform has enabled efficient nonlinear processes such as FWM for wavelength conversion [25] - [28] , and phase-sensitive processing [29] , as well as self-phase modulation (SPM) based supercontinuum generation [30] .
In this work, we extend our previous system investigation [28] , by demonstrating error-free wavelength conversion for 64-QAM and 256-QAM signals over most of the C-band (29-nm bandwidth) in an optimized wavelength converter based on a 9-mm long AlGaAsOI nano-waveguide. The waveguide design has been optimized in terms of the conversion efficiency (CE) and conversion bandwidth by tuning the waveguide crosssection and length, as well as the pump power. From a system perspective, signal degradations taking place in the converter are minimized by investigating the impact of the pump laser linewidth as well as the trade-off between output idler OSNR and nonlinear distortion. The high CE provided by AlGaAsOI is a key enabler for achieving idler OSNR levels in excess of 30 dB and thus meeting the strict requirements for demodulating errorfree 64-QAM and 256-QAM idlers with limited OSNR penalty (<1 dB and <2.0 dB, respectively). Additionally, a significant OSNR margin that can be used for further transmission after the wavelength conversion is reported (>3 dB and >7 dB for 64-QAM and 256-QAM, respectively). 
II. ALGAASOI FABRICATION
The AlGaAsOI nano waveguide has been fabricated from a GaAs/AlGaAs wafer prepared by epitaxial growth, wafer bonding and substrate removal [26] , [31] . By tuning the concentration of Al and Ga, the bandgap of the material can be tuned such that no TPA is present at 1550 nm. The waveguides considered in this work have an Al percentage of 21%, leading to a bandgap of approx. 1.69 eV. The waveguides have been defined by electron-beam lithography and dry etching using hydrogen silsesquioxane (HSQ) as a hard mask. The measured propagation loss is 1.5 dB/cm for the TE mode. In order to increase the coupling efficiency, inverse tapers are implemented leading to a typical coupling loss of 1.4 dB/facet [32] .
A scanning electron microscope (SEM) picture of the waveguide prior to over-cladding deposition is shown in Fig. 1 . The smooth sidewalls shown in the picture are critical for achieving low propagation loss and thus high-efficiency FWM.
III. DISPERSION ENGINEERING
The ability to tailor the dispersion properties of the wavelength converter by optimizing the waveguide cross-section is a major benefit of integrated devices. Different waveguide dimensions have been investigated, aiming at maximizing the achievable conversion efficiency (CE), as well as the conversion bandwidth.
Several 3-mm long straight waveguides have been fabricated with a height of 290 nm and a width spanning between 580 nm and 730 nm. The dispersion curves for these waveguide dimensions have been numerically estimated starting from the material dispersion derived according to [33] and considering a 30-nm width reduction common in our lithography and etching processes. For consistency, all the waveguide dimensions stated in the following refer to the design dimensions. The nonlinear properties of such waveguides have then been investigated by measuring the conversion bandwidth with the experimental setup shown in Fig. 2 .
The wavelength converter is based on a single-pump FWM stage where the input continuous wave (CW) signal is coupled together with a strong CW pump at 1549.5 nm. The pump has been placed in the middle of the C-band aiming at providing wavelength-conversion operation over the full C-band. The pump has been amplified in an erbium-doped fiber amplifier (EDFA) followed by an optical band-pass filter (OBPF) to remove out-of-band amplified spontaneous emission (ASE) noise. Polarization controllers (PCs) are used to align the state of polarization of the two waves to the TE mode of the AlGaAsOI waveguide where they are injected using a lensed fiber with a spot size of 2.5 μm. At the output of the waveguide, light is collected through a second lensed fiber and an optical spectrum analyzer (OSA) is used to record the output spectra. The pump power at the input of the waveguide (lensed fiber output) has been set at 18 dBm for this investigation.
From the output spectra, the output CE is measured while scanning the input signal wavelength. Throughout this work, the CE is defined as output CE, i.e. the power ratio between idler and signal at the waveguide output:
where i and s refer to idler and signal, respectively, and L defines the waveguide length. The resulting CE spectra are shown in Fig. 4 . The CE spectra show a FWM half-bandwidth, measured at the 3-dB drop, in excess of 50 nm for all the waveguide widths investigated. However, the bandwidth increases by widening the waveguide from 580 nm to 730 nm, where a half-bandwidth of more than 70 nm is reported, mainly limited by the tuning range of our signal laser. The numerically simulated conversion bandwidths, based on estimated dispersion (see Fig. 3 ), are also reported in Fig. 4 and good agreement is shown between simulations and measurements. While these results would suggest that even wider waveguide may further increase the spectral window where the wavelength converter could operate, the increased dimensions lead to an increase in the effective mode area, thus lowering the mode confinement and the nonlinear effects and the dispersion becomes normal at the pumping wavelength. As a width of 630 nm was already sufficient to reach a half-bandwidth of approx. 60 nm covering the full telecommunication C-band and most of the O-and L-bands, such a waveguide cross-section of 290 × 630 nm 2 was chosen for the following analysis.
IV. CHARACTERIZATION OF AN OPTIMIZED WAVEGUIDE
After choosing the cross-section, the waveguide length was considered. For this investigation, the signal-pump spacing is fixed to 10 nm and the pump power has been set to 18 dBm, as in the previous analysis. The results are shown in Fig. 5(a) , clearly confirming that the output CE grows linearly with the waveguide length indicative of a non-depleted pump, low linear loss and no nonlinear loss. From the linear loss, an effective length of around 19 mm can be estimated. Additionally, numerical simulations show an expected optimal length as large as 31 mm. Longer waveguides are therefore expected to lead to even higher CE, however at the expense of a slight narrowing of the conversion bandwidth.
Notice that, in order to guarantee a fair comparison, the waveguides have been designed with a serpentine shape that kept the number of bends constant, regardless of the waveguide length. This choice prevents the impact of bending loss from affecting the comparison. Furthermore, compared to the results of Fig. 4 , the sample used for producing the results of Fig. 5(a) shows higher coupling loss, possibly due to poorer cleaving of the chip, leading to lower CE values.
The final CE optimization parameter is the pump power. The impact of the pump power coupled in the waveguide on the achievable CE is reported in Fig. 5 (b) for a 9-mm long waveguide with 1.4 dB/facet of coupling loss. The overall insertion loss of such a waveguide is 5 dB. The CE shows the expected quadratic growth with pump power, without any signs of saturation due to nonlinear loss, confirming the suitability of the AlGaAsOI platform for nonlinear signal processing.
Finally, in Fig. 5(c) , the CE bandwidth is shown for such a 9-mm long waveguide with an input pump power of 20.5 dBm. A maximum CE of −12 dB can be achieved with a 3-dB halfbandwidth of approximately 55 nm.
This waveguide with 20.5 dBm of input pump power is used in the following system demonstrations.
V. EXPERIMENTAL SETUP
The experimental setup for the wavelength conversion of M-QAM is shown in Fig. 6 . A 10 GBd M-QAM signal is generated by modulating an external cavity laser (ECL, 100 kHz linewidth) with an IQ modulator driven by a 64-GSa/s arbitrary waveform generator (AWG). The signal is then amplified in an EDFA followed by a 1-nm full-width half-maximum OBPF for out-of-band ASE noise suppression and injected into the wavelength converter already described in Section IV. The signal polarization is aligned to the TE mode of the 9-mm long waveguide by maximizing the CE and the pump power is set to 20.5 dBm. At the waveguide output, two OBPFs are used to select the idler, with an EDFA in between to compensate for their losses. An 80-GSa/s pre-amplified coherent receiver (33-GHz analog bandwidth) with a standard 100-kHz local oscillator (LO) is used for reception followed by offline digital signal processing (DSP). The DSP chain included low-pass filtering, frequency offset estimation, time-domain equalization, carrier phase recovery, demapping, decoding (in the case of 256-QAM) and error counting. In order to vary the optical signal-to-noise ratio (OSNR) at the receiver side, a noise loading stage based on an ASE source is added at the receiver input.
The two modulation formats considered in the following system demonstrations are 64-QAM and 256-QAM. The forward error correction (FEC) overhead of the two modulations has been chosen such that they lead to similar net data rates, making the results more easily comparable. This choice resulted in different DSP chains for the two signals as discussed below.
In the case of 64-QAM, the uncoded data consist of two decorrelated segments of a pseudo-random bit sequence (PRBS) of length 2 23 -1. At the receiver side, a multi-modulus algorithm (MMA) and Kalman filtering are employed for equalization and carrier phase recovery, respectively. A hard-decision (HD) FEC scheme with 7 % overhead is assumed [34] , leading to a net datarate of 55.8 Gbit/s. In order to evaluate the performance of the wavelength converter, the pre-HD-FEC bit error ratio (BER) is used, benchmarking the generated idler quality against the back-to-back signal measured at the transmitter output. The pre-HD-FEC BER is chosen as metric as it allows to reliably predict the post-FEC BER when a HD code is used [35] . The pre-HD-FEC threshold here considered for error-free performance corresponds to a BER = 3.8 × 10 −3 and will be referred to as 'HD-FEC threshold'. The pre-FEC BER is measured counting more than 100 errors for all the OSNR levels considered, ensuring the statistical relevance of the measurements.
In the case of 256-QAM, the increased complexity of the modulation format requires more refined equalization and carrier recovery schemes, as well as soft-decision (SD) FEC with a higher overhead. At the transmitter, quadrature phase-shift keying (QPSK) pilot symbols, to be used for equalization and phase noise tracking, are interleaved with the 256-QAM random data at a rate of 10%. Additionally, SD-FEC encoding is performed using a standard concatenated scheme, consisting of an inner irregular low-density parity-check (LDPC) code of length 64800 bits, and an outer Bose, Chaudhuri, and Hocquenghem (BCH) HD code which removes the error floor [36] . At the receiver side, pilot-assisted constant modulus algorithm (CMA) equalization [37] is performed, followed by carrier phase recovery using a trellis-based method [38] , iterative demapping and soft-FEC decoding (5 demapping iterations with 50 LDPC iterations in each) [36] . The equalizer taps trained on the pilots are linearly interpolated and applied to the entire received sequence [37] . The total FEC overhead is 33 % leading to a net data rate of 54.6 Gbit/s, after subtraction of both FEC and pilots overheads. It has been shown that the pre-SD-FEC BER is not a reliable measure to estimate system performance after decoding when SD-FEC are used. [35] . The more complex processing performed and the choice to encode the transmitted data stream have the significant advantage of not only allowing to extract pre-and post-FEC BER from the measurements but also to estimate the achievable information rate (AIR). The
AIR is estimated through the mutual information (MI) defined as I(X; Y ) = H(X) − H(X|Y ), where H(·)
is the entropy function. The entropy of the input H(X) for uniformly distributed input QAM symbols (as is the case here) is found as H(X) = 1/(1 + P ) log 2 (|X |), where X is the set of constellation symbols (e.g. for 256-QAM, |X | = 256), and the pilot rate P is taken into account (in this paper, P = 0.1). As the posterior probability distribution p(x|y) is not available for the fiber channel in closed form, an auxiliary probability distribution derived from the phase-recovery algorithm is assumed for estimating the conditional entropy H(X|Y ) [38] . The AIR is here measured in bit/QAM symbol. When normalized by the occupied bandwidth, the AIR provides the spectral efficiency in bits/s/Hz. For more details on the AIR estimation, refer to [35] , [38] The post-SD-FEC BER is considered error-free for values below 10 −4 , which are correctable by the outer BCH code. The AIR theoretically required to successfully decode the signal error-free is 6 bit/QAM symbol assuming an ideal decoder (the concatenated FEC scheme considered here is near-ideal in this sense). Such threshold will be referred to as 'SD-FEC threshold' in the following. The BER and AIR values have been calculated on more than 200.000 symbols (more than 10 6 information bits) in all cases, ensuring reliable measurements down to the required post-FEC BER threshold for error-free transmission (similar to the 64-QAM threshold, at least 100 errors are seen, ensuring statistically relevant BER estimation).
The necessary conditions for error-free demodulation of the two modulation formats considered in this work to test the performance of the wavelength converter are summarized in Table I .
Being related to either HD-FEC (64-QAM) or SD-FEC (256-QAM), in the following, the two thresholds are referred to as HD-FEC threshold and SD-FEC threshold, respectively. Two modulation formats are considered in order to demonstrate modulation-format independent operation and, more importantly, to allow testing that the wavelength converter fulfills different requirements. Given the different FEC overheads (7% for 64-QAM and 33% for 256-QAM), the OSNR requirements for 64-QAM are actually tighter. On the other hand, 256-QAM is less tolerant to phase-noise and nonlinear distortion introduced by the wavelength converter [39] . Additionally, the use of two signals with different DSP chains enables evaluating the performance of the converter regardless of the specific modulation format and DSP algorithms used for the analysis. 
VI. OPTIMIZATION OF THE WAVELENGTH CONVERTER
In Sections III and IV, the optimization of the wavelength converter has been focused on the nonlinear nano-waveguide alone. In this Section, instead, the focus is shifted to overall system parameters by looking at the impact of phase noise transfer from the pump to the idler and at the achievable idler OSNR. Given the stricter phase-noise and distortion tolerances, the optimization has been performed for the wavelength conversion of a 256-QAM signal. Additionally, as introduced in Section V, the main metric used to evaluate the idler quality is AIR. Fig. 7(a) shows the AIR as a function of the received OSNR for the wavelength converted idler. The OSNR is measured over a conventional 0.1 nm bandwidth, the signal and pump wavelengths have been fixed to 1545 nm and 1549.3 nm, respectively. The choice of the pump wavelength has been dictated by the need for a wavelength converter operating on the whole C-band. However, given that the dispersion is anomalous and with a low dispersion slope over the whole C-band (as highlighted by Fig. 3 ) a different choice of pump wavelength does not have a significant impact on the CE nor the bandwidth.
The curves correspond to pump lasers with different linewidths Δν, and thus different amounts of pump phase noise transferred to the idler during the FWM process. For this investigation, three pump lasers have been considered: a distributed feedback (DFB) laser with a linewidth above 1 MHz, an ECL with a linewidth of 100 kHz and a fiber laser with sub-KHz linewidth (Koheras BasiK X-15). As can be seen in Fig. 7(a) , the AIR is higher when the fiber laser is used. Using an ECL still allows to achieve the SD-FEC threshold, in contrast to a DFB pump which does not. However, using an ECL results in an additional 1 dB OSNR penalty compared to the narrow-linewidth fiber laser. Considering the BER results shown in Fig. 7(b) , the pre-SD-FEC BER curves for the fiber laser and ECL are almost perfectly overlapping given the high BER level achieved. As already suggested by the AIR results, however, the post-SD-FEC performance, i.e. after decoding, the superior performance of the fiber laser is clear. The OSNR penalty highlighted by the AIR of Fig. 7 (a) becomes evident as >1 dB additional OSNR is required for the idler to be error-free (post-SD-FEC BER < 10 −4 ) when the ECL is used as pump. The additional penalty compared to the one estimated by the AIR is due to the non-ideal FEC.
The final parameter of the wavelength converter that has been optimized is the input signal power. For a given pump power, and thus CE, the idler OSNR scales linearly with the input signal power. However, as the wavelength converter is based on a nonlinear stage, beyond a certain input signal power, the signal itself becomes affected by nonlinearity induced distortion. The trade-off between idler OSNR and nonlinear distortion is highlighted in Fig. 8 . Higher OSNR results in an improved AIR only up to an input signal power of approximately 10 dBm. As the signal power is increased further, due to the strong nonlinearity in the waveguide, the signal and idler are distorted by SPM leading to an AIR degradation. This yields an optimum achieved idler OSNR of approximately 31 dB at the receiver side. In the following sections, the signal power is set to 9 dBm and the fiber laser is used as pump.
VII. WAVELENGTH CONVERSION OF 64-QAM SIGNALS
The results for wavelength conversion of 64-QAM signals are shown in Fig. 9 . The pump was set to 1550 nm and the wavelength converter has been tested for three different pump-signal spacings: 5 nm (signal at 1545 nm), 10 nm (signal at 1540 nm) and 15 nm (signal at 1535 nm). These values correspond to a maximum signal wavelength shift of 30 nm, from 1535 nm to 1565 nm, i.e. covering almost the full telecommunication C-band. As can be seen in Fig. 9(a) , the optical spectra at the output of the waveguide show idler OSNR levels in excess of 35 dB. At the receiver side, the maximum OSNR is reduced to approximately 30 dB due the sub-optimum scheme used to suppress pump and signal waves, resulting in significant loss.
The uncoded BER is displayed as a function of the received OSNR in Fig. 9(b) for the three signal-idler pairs. For all the signal wavelengths considered, the idler OSNR is sufficient to reach a BER below the HD-FEC threshold with more than 3 dB of margin. Furthermore, the OSNR penalty from the conversion, defined as the difference in required OSNR between idler and signal at a BER = 3.8 × 10 −3 (HD-FEC threshold), ranges between 0.4 dB for the 1545-nm signal to 0.9 dB for the 1535-nm signal.
VIII. WAVELENGTH CONVERSION OF 256-QAM SIGNALS
The results for the 256-QAM wavelength conversion (pump wavelength of 1549.3 nm) are shown in Fig. 10 with the optical spectra reported in Fig. 10(a) and (b) , for the short and long wavelength signals, respectively. Idler OSNR levels of more than 35 dB are reported for all the signal wavelengths under investigation. In this case, the higher complexity of the modulation format considered, as well as the steepness of the BER after decoding, highlighted a slight wavelength dependence of our receiver already in a back-to-back configuration. In order to remove such a dependence and focus on the characterization of the wavelength converter, six pairs of signal-idler configurations are measured. First, the signal is placed on the shortwavelength side of the pump as for the results of Section VII and the same three signal wavelengths have been considered [spectra of Fig. 10(a) ]. Then, the signal has been placed on the long-wavelength side of the pump, at the wavelengths where the idlers are generated in the previous scenario [spectra of Fig. 10(b) ]. This approach allows to measure the transceiver OSNR penalty caused by sweeping a 29-nm wavelength range for the signal in back-to-back and use such numbers to extract the penalty due to the wavelength conversion from the overall difference in the required OSNR between signal and idler.
From the AIR versus OSNR curves, the OSNR penalty has been extracted focusing on the AIR = 6 bit/QAM symbol threshold (SD-FEC threshold), and splitting the contribution from the receiver side (estimated as described above) of the contribution from the wavelength converter itself. The wavelength converter penalty is reported in Fig. 10(c) as a function of the signal wavelength. Error bars are included to account for the finite length of the transmitted sequences and uncertainties in the OSNR measurements. Even accounting for the error bars, an OSNR penalty below 2.0 dB can be achieved over the whole 29-nm wavelength window. Remark that the OSNR requirements are lower than for 64-QAM (see Fig. 9 ) due to the more powerful FEC employed for 256-QAM.
Finally, Fig. 10(d) reports the decoded BER curves for the six signal-idler pairs. After SD-FEC decoding, all the idlers could be measured error-free (over more than 10 6 bits) at a maximum required OSNR of 23 dB. Such a requirement is well below the idler OSNR > 30 dB provided at the wavelength converter output, as shown in Fig. 10(a),(b) . The idler OSNR at the converter output is therefore expected to allow for subsequent transmission of the wavelength converted signals.
IX. CONCLUSION
An all-optical wavelength converter based on a 9-mm long AlGaAs-On-Insulator nano-waveguide was experimentally demonstrated for 10-GBd 64-QAM and 256-QAM signals. The wavelength converter has been first characterized by optimizing the nonlinear waveguide in terms of waveguide cross-section, length and pump power by maximizing the achievable conversion efficiency and conversion bandwidth. Then, the wavelength converter has been studied from a system perspective by focusing on the pump-laser induced phase noise on the idler and the trade-off between OSNR degradation and SPM induced nonlinear distortion. With such optimized converter,the OSNR penalty after conversion has been studied by using 64-QAM and 256-QAM, at approx. the same net data rate but with different OSNR and distortion requirements. For the 64-QAM signal, less than 1 dB penalty is reported compared to the back-to-back signal at the HD-FEC threshold (BER = 3.8 × 10 −3 , 7 % overhead). The system investigation has been then extended to 256-QAM, by using achievable information rate (AIR) as a figure of merit to define the conversion penalty under SD-FEC operation. Low OSNR penalty (<2.0 dB), at the target AIR of 6 bit/QAM symbol (33% SD-FEC threshold), has been shown spanning a 29-nm bandwidth with received idler OSNR > 30 dB (OSNR margin >7 dB) to potentially enable further transmission.
